1550 nm AlGaInAs/ InP long rectangle resonator lasers with three sides surrounded by SiO 2 and p electrode layers are fabricated by planar technology, and room-temperature continuous-wave lasing is realized for a laser with a length of 53 m and a width of 2 m. Multiple peaks with wavelength intervals of Fabry-Pérot mode intervals and mode Q factors of about 400 and a lasing mode with a Q factor over 8000 are observed from the lasing spectrum at threshold current. The numerical results of the FDTD simulation indicate that the lasing mode may be a whispering-gallery mode, which is a coupled mode of two high-order transverse modes of the waveguide.
INTRODUCTION
Optical microcavities with the advantages of ultrasmall volume, high-mode Q factor, and large free-spectral range have attracted a great deal of attention. The Fabry-Pérot resonator, photonic crystal resonator, and whisperinggallery mode (WGM) resonator are three basic types of optical microcavities [1] . Vertical-cavity surface-emitting lasers and microdisk lasers are examples of Fabry-Pérot and WGM-type microresonators. In addition to microdisk lasers [2] [3] [4] , equilateral-triangle [5] , square [6, 7] , and hexagonal resonator [8] microlasers are also whisperinggallery-type microlasers. Recently, lasing in metalinsulator-metal subwavelength plasmonic waveguides was realized with the plasmon mode [9] . For rectangular and square microresonators, mode field characteristics were analyzed and numerically simulated with an emphasis on the WGMs of total internal reflection on the sides of the resonators [10] [11] [12] [13] [14] , and high-Q WGMs formed by mode coupling in the rectangle microresonators, which have very weak radiation loss in the vertices of the resonators, were analyzed [15] .
In this paper, long rectangle resonator 1550 nm AlGaInAs/ InP lasers with a cavity length of 53 m and a width of 2 m are fabricated with three sides surrounded by an insulating SiO 2 layer, p electrode metals, and one side of a cleaved mirror. Room-temperature continuouswave (CW) operation is realized, and the lasing output spectra are observed with series modes with Q factors of about 500 and a lasing mode with a Q factor over 8000 at threshold current. The FDTD simulation results indicate that the high-order transverse modes, such as the fourthorder transverse mode, can be assigned as the WGMs. Furthermore, the lasing mode may be the coupled mode of two high-order transverse modes.
DEVICE FABRICATION
The IQE (Europe) Ltd AlGaInAs/ InP laser wafer is used for fabrication of long rectangle resonator lasers. The active region of the laser wafer is five compressively strained quantum wells, with thicknesses of the quantum wells and barrier layers of 6 and 10 nm, respectively, sandwiched between 60 nm undoped graded AlGaInAs and 60 nm doped AlGaInAs cladding layers. The upper layers are p-InP and InGaAs contacting layers with a total thickness of 1920 nm. The long rectangle resonator lasers with a width of 2 m are fabricated under the same technique process [5] . First, an 800 nm SiO 2 is deposited by plasma-enhanced chemical vapor deposition (PECVD) on the AlGaInAs/ InP laser wafer as a hard mask for dry etching. Then, the rectangle cavity resonator patterns are transferred onto the SiO 2 layer by using standard photolithography and inductively coupled plasma (ICP) etching techniques, and the AlGaInAs/ InP laser wafer is etched by another ICP process with patterned SiO 2 as hard masks. Figure 1(a) shows the scanning electron microscope image of one side of a rectangle waveguide resonator after the ICP etching process where the etching depth is about 5 m. After the ICP etching, a chemical etching process is used to improve the smooth side walls of the AlGaInAs/ InP rectangle waveguide. Then the residual SiO 2 hard masks on top of the rectangular waveguide are removed using a diluted HF solution. Finally, a 450 nm SiO 2 insulating layer is deposited on the laser wafer, and the SiO 2 insulating layer on top of the rectangular waveguide is etched using the ICP etching process again. A top Ti-Pt-Au p contact is formed using a standard metal deposition process, and Au-Ge-Ni metallization is used as an n-type contact metal after lapping down the laser wafer to a thickness of about 100 nm. Figure 1(b) shows the scanning electron microscope image of a rectangle resonator after the top Ti-Pt-Au p contact is formed, and Fig. 1(c) is the schematic of the long rectangle resonator lasers encapsulated by the insulating SiO 2 layer and p electrode metal on three sides and one side of the cleaved mirror.
LASER OUTPUT CHARACTERISTICS
After cleaving one side of the long rectangle resonator lasers, the lasers are measured through the cleaved mirror by directly placing them on a heat sink and injecting a CW current through a golden probe at room temperature. The output power coupled into a multimode optical fiber and the applied voltage versus the CW injection current are plotted in Fig. 2 for a long rectangle resonator laser with a cavity length of L =53 m and a width of a =2 m. The curve of output power versus the injection current shows the threshold current of about 15.6 mA. We have two lasers in the cleaved wafer, which is too small to cleave again. The other laser has a threshold current of about 14 mA. Assuming the current is injected uniformly on the two lasers, we estimate the practical threshold current of the long rectangle laser to be 3.9 mA. The applied voltage V versus the injection current I from 0.5 mA to 30 mA can be fitted by I = 2.5 ϫ 10 −13
͓exp͑͑V-IR͒ / 1.55kT͒ −1͔ ͑mA͒ with the series resistor R =16 ⍀, where k is the Boltzmann constant and T is the absolute temperature.
The laser spectra measured at room temperature by an optical spectrum analyzer at a resolution of 0.1 nm are plotted in Fig. 3 at an injection current of 25 mA. The lasing-mode wavelength is 1560 nm, and distinct multiple peaks with near-uniform wavelength intervals appear in the laser spectrum. The mode wavelength intervals and mode Q factors of the multiple peaks from 1480 to 1530 nm are plotted as open circles and solid squares in Fig. 4 , where the mode Q factors are obtained as the ratio of mode wavelength to the full widths of the half-maximum of each peak by fitting the spectrum from 1480 to 1530 nm with a multiple-peak Lorentzian function. The solid lines are mode spacing ⌬ = 2 /2n g L with the group index varied with the photon energy E (eV) as n g = 3.0715+ 0.366E [16] with cavity lengths of 53 and 56.3 m. The mode Q factors are around 400 with a fluctuation of about 100 for the modes from 1480 to 1530 nm. However, the Q factor of the lasing mode is about 8.86 ϫ 10 3 obtained from the inset spectrum in Fig. 3 near the threshold current of 17 mA, which has a linewidth of about 0.176 nm. Figure 5 shows detailed spectra of the lasing mode under injection currents of 20, 25, 30, and 35 mA, respectively. The lasing peaks are evident double modes at injection currents of 20 and 25 mA, which may be degenerate modes in the rectangle resonator [15] . Because the resonator is surrounded by p electrode metals on three sides of the resonator, the degenerate modes may have comparative-mode Q factors instead, if only one of them has a high-Q factor. Mode wavelength shift ⌬ varies with the increase of injection current ⌬I at the rate of ⌬ / ⌬I = 0.091 nm/ mA. Thermal resistance of ͑⌬ / ⌬T͒ −1 ͑⌬ / ⌬IV͒ = 652 K / W is obtained from variation of the mode wavelength with the injection current, where ͑⌬ / ⌬T͒ is taken as a typical value of 0.1 nm/ K and the applied voltage V is 1.4 V from the V-I curve in Fig. 2 . The high thermal resistance can be partly explained, as the tested laser wafer is only put on a Cu heat sink instead of being soldered on the heat sink.
MODE ANALYSIS
For a 2D rectangle resonator with length L and width a ͑L Ն a͒ surrounded by air, we can assume that the fields of the confined modes are exponentially decayed when moving away from the rectangle sides. Choosing the coordinate origin at the center of the rectangle resonator with x and y axes of the symmetry axes of the rectangle resonator, we can express magnetic field H z for the TE mode in the rectangle resonator as F z p,q ͑x , y͒ = F p ͑x͒F q ͑y͒ [12, 15] ,
where F q ͑y͒ takes the same form in Eq. (1) 
where N is the refractive index of the resonator. For the confined modes, their incident angles at the sides of the rectangle resonator should be larger than the critical angle of the total internal reflection, which is equivalent to ␥ v Ͼ 0 in Eq. (3). Based on the continuous conditions of the tangential electric field for the TE modes at the sides of the rectangle resonator, we can obtain the mode eigenvalue equations as
In the total confinement approximation, the mode propagation constants are
͑5͒
For the long rectangle resonator, we define the WGM as the mode with totally internal reflection (TIR) at the boundary of the resonator. With the approximation solutions of Eq. (5), the mode wavelength is
͑6͒
Assuming the mode number p is much larger than unity due to the long cavity length and ignoring the dispersive relation of the refractive index, we can deduce the mode interval for different transverse modes as
͑7͒
Under the condition of total confinement approximation, the incident angles of 6.7°, 13.5°, 20.6°, 27.8°, and 35.9°F ig. 5. Detail spectra of a lasing mode at injection currents of 20, 25, 30, and 35 mA, respectively. can be obtained from Eqs. (2) and (5) for the fundamental, first-, second-, third-, and fourth-order transverse modes on the output face as = 1500 nm and N = 3.2. The transverse mode with mode number q Ն 2 will be total reflectivity, because the critical angle of the total internal reflection is 18.2°. The longitudinal mode interval of the rectangle resonator decreases with the increase of the transverse mode number q, as shown in Eq. (7) . For the resonator with N = 3.2, a =2 m, and L =53 m, the longitudinal mode intervals are 6.6 nm and 5.4 nm, respectively, for the fundamental transverse and the fourthorder transverse modes at = 1500 nm. The corresponding mode intervals are 34.9 nm and 28.5 nm as L =10 m. Considering that the mode interval should be determined by the group index instead of the mode index and the group index n g = 3.55 at 1500 nm from the fitting relation in Fig. 4 , we can confirm that the experiment mode intervals agree very well with those of the fundamental modes.
FDTD NUMERICAL SIMULATION
Finally, the mode characteristics of the TE modes are simulated for the long rectangle resonator by FDTD techniques [17] . The optical confinement in the vertical direction of the resonator is provided by a multiple-layer slab waveguide of the laser wafer, and the resonator is etched with the etched sidewalls covering the vertical field distribution of the slab waveguide. So the long rectangle resonator can be simply simulated by a 2D FDTD technique with the effective refractive index of the slab waveguide of the laser wafer. The 2D FDTD simulation can yield correct mode wavelengths but ignore the vertical radiation loss [18] . In the simulation, the three sides of the rectangle resonator are assumed to be surrounded by 0.2 m insulating SiO 2 and 0.2 m gold with the refractive indices of 1.45 and 0.18+ 10.2i [19] . The other side is surrounded by air as the output mirror, and the effective refractive index of the resonator is taken to be 3.2. So the long rectangle resonator is equivalent to a Fabry-Pérot resonator with one side confined by the insulating SiO 2 layer and p electrode and the other side of cleaved mirror. But the transverse direction of the resonator with the width of 2 m is also strongly confined by the insulating SiO 2 layer and p electrode. A Gaussian modulated cosine impulse covering a wide frequency band is used as the input wave P͑x 0 , y 0 , t͒ = exp͓−͑t − t 0 ͒ 2 / t w 2 ͔cos͑2f 0 t͒, where t 0 is the pulse center, t w is the pulse half-width, and f 0 is the center frequency of the pulse and the "bootstrapping" [20] . The spatial cell size and the time step ⌬t are taken to be 20 nm and the Courant limit, respectively, and a 50-cell perfectly matched layer (PML) absorbing boundary condition is used as the boundaries to terminate the FDTD computation window with the PML boundaries 1 m away from the rectangle resonator. The timedomain outputs of one component of the electromagnetic fields are recorded at an arbitrarily selected monitor point inside the resonator as an FDTD output. Then the Padé approximation with Baker's algorithm [21] is used to transform a late FDTD output from the time domain to the frequency domain, and the mode frequencies and Q factors are obtained from the peak frequency and the ratio of the peak frequency to the corresponding 3 dB bandwidth of the peak by fitting the intensity spectra with a multipeak Lorentzian function.
Choosing the exciting sources for the fundamental ͑q =0͒ and the fourth-order ͑q =4͒ transverse modes of the corresponding 2-m-wide waveguide, respectively, we investigate mode characteristics for the long rectangle resonators. Using a wide frequency excitation pulse with t w = 500⌬t, ,t 0 = 1000⌬t, and f 0 = 200 THz, the intensity spectra of the modes with the exciting sources corresponding to q = 0 and q = 4 are plotted in Fig. 6 as dashed and solid curves, respectively, for the long rectangle resonator with lengths of (a) 10 m and (b) 53 m. The results show that the mode spacing is about 6.6 ͑35.2͒ nm and 5.5 ͑28.9͒ nm for the fundamental and the fourth-order transverse modes in the long rectangle resonator with a length of 53 ͑10͒ m, which agrees very well with Eq. (7). The obtained mode wavelengths and mode Q factors are listed in Table 1 for the modes with q = 0 and 4 in the long rectangle resonator with a length of 53 m. The results indicate the fourth-order transverse modes have much larger Q factors than the fundamental modes. The highest Q factor of 1.31ϫ 10 5 is obtained for the fourth-order transverse mode at a wavelength of 1523.7 nm, which may be the high-Q whispering-gallery mode formed by mode coupling as discussed in [15] . For the long rectangle resona- Fig. 7(c) shows a more complicated field pattern, which corresponds to the coupled mode with small radiation loss at the vertices of the resonator and the highest Q factor of 1.31ϫ 10 5 , as shown in [15] . To explain this phenomenon, we calculate the field distributions in the wave number k space by transforming the field distribution over 2 m ϫ 2 m into the k space and plot them in Fig. 8 . Because the field distributions in the k space are symmetric relative to the k x = 0 and k y = 0 axes, we only plot the field distribution in the space of k x Ͼ 0 and k y Ͼ 0 in Fig. 8 , where Figs. 8(a)-8(c) correspond to the field patterns in
Figs. 7(a)-7(c), respectively. The peak value of the q =0 mode in Fig. 8(a) is at k y = 0, which is induced by the two waves with k y = / a and k y =− / a. The peak value of the q = 4 mode in Fig. 8(b) is near k y = 7.5, which is a little smaller than the total confined approximation value ͑q +1͒ / a = 7.85. Two distinct peaks are found in Fig. 8 (c) near k y = 7.5 and k y = 10.5, which correspond to q = 4 and 6, respectively. The field distribution in the k space clearly indicates that the high-Q mode is the coupled mode of two modes with different amplitudes.
SUMMARY
We have fabricated 1550 nm AlGaInAs/ InP lasers using conventional photolithography and the ICP etching tech- nique. Cw electrically injected operations are realized for the laser with a length of 53 m and a width of 2 m at room temperature. The laser output spectra indicate a series of low-Q modes and a lasing mode with a Q factor one order larger than that of the low-Q modes. The lasing mode can be assigned as the whispering gallery modes, which correspond to the coupled mode of higher-order transverse modes. FDTD numerical simulation verifies the experimental results, and a high-Q whisperinggallery mode with field distribution of coupled modes is observed from the field distribution in the k space numerically.
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